Abstract
Introduction

30
Fossil fuels will continue to be the dominant source of the 31 foreseeable future, yet there has been increased concern that the combustion of such carbon-32 based fuels produces greenhouse gases (particularly CO2), which adversely affect the global 33 climate. [1] 
34
The implementation of Carbon Capture and Storage (CCS) technology would allow the 35 continued use of fossil fuels through the abatement of carbon dioxide (CO2), preventing 36 emissions into the atmosphere. Currently, CCS is the only process available to generate a 37 E t.
38
CCS refers to a process by which CO2 is captured from large point sources (e.g. power 39 generation and industrial applications), followed by compression and transportation to a 40 storage site (e.g. a geological reservoir or depleted oil field pipeline transportation. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Research has also focused on defining the safe limits of impurities 50 that can be tolerated within the CO2 stream by systematically varying the water content or 51 concentration of other contaminants such as SO2, O2 and NOx amongst others. [4, 5, 7, 9, 18, 20, 33, 52 34, 35, 36] 53
From a review of the literature within this subject area it appears that in order to 54 appropriately mitigate excessive corrosion rates the general consensus is that sufficient 55 drying (i.e. water removal) of impure CO2 upstream of the pipeline is required. Although such 56 a process can prevent the breakout of free water, it can contribute significantly towards 57 handling costs, particularly in the context of offshore installations. [1] Furthermore, some 58 studies have suggested that extensive dehydration down to 50 ppm (mole) should be applied, 59 which can require the use of molecular sieves, imposing an even greater cost [9, 32] . Limits as 60 low as 50 ppm have already been implemented in the US [21] and Norway [22] for specific 61 pipelines. However, other specifications from the DYNAMIS project [23] and for the Kinder 62
Morgan pipeline [24] are less conservative, imposing limits of 500 and 650 ppm, respectively. 
Autoclave testing procedure
99
A schematic representation of the autoclave experimental system layout is provided in Figure   100 2. The testing procedure has been published in a previous paper. [7] 101
All tests were conducted under static conditions in water-saturated supercritical CO2 (a water 102 content of 3437 ppm in the dense phase at 80 bar and 35°C based on the analysis performed 103 by Spycher et al. [26] It is difficult to monitor the actual pH of the solution due to the presence of small amounts of 118 water in the system and the considerable pressure. Consequently, the OLI software [31] was 119 used to speculate about the possible pH of the aqueous phase as shown in Figure 3 .
120
Considering the experimental conditions in this work (35°C and 80 bar CO2), the solution pH 121 is expected to reduce from 3.1 in the absence of SO2 to 2.4 when 100 ppm SO2 is introduced.
122
This is based on the assumption that SO2 will partially dissolve into the aqueous phase to form 123 sulfurous acid (H2SO3) as stated by Dugstad et al. [10] It is difficult to predict the effect of 124 combined addition of O2 and SO2 to this system. However, based on the assumption that the 125 likely effect is to promote the formation of sulfuric acid through the oxidation of sulfurous 126 acid, the pH can be expected to decrease markedly given that sulfuric acid is a much stronger 127 acid.
128
At the end of each experiment, the specimens were dried thoroughly and subsequently The mass loss due to corrosion was determined from the weight difference before exposure 135 and after cleaning. The corrosion rates were calculated using Equation (1): 136 (1) where Vc is the corrosion rate of the sample in mm/year, m is the weight loss in grams, is 137 the density of the sample in g/cm 3 , A is the exposed area in cm 2 and t is the immersion time 138 in hours. on the steel surface [5, 28] . In terms of 13Cr, O2 is also known to assist in the formation and 150 replenishment of the passive chromium oxide films that can be established on the steel 151 surface, which can explain the increase in general corrosion resistance with the introduction 152 of O2.
The mass loss measurements in Figure 4 indicate that O2 has no detrimental effect on the 154 general corrosion of X65 and 13Cr in a CO2-H2O-O2 system under these particular conditions 155 and that 13Cr exhibits improved corrosion resistance compared to X65 in both environments .
156
The superiority of 13Cr relative to X65 in CO2-H2O and CO2-H2O-O2 systems at high pressure 157 was also reported by Choi et al. [16] for experiments performed at 80 bar and 50°C in CO2-158 satuarted water. However, in contrast to the results in Figure 4 , Choi et al. [16] reported an 159 increase in general corrosion rates of X65 for experiments in water-saturated CO2 with the 160 introduction of O2. A possible explanation for the disparity in observations could be linked to 161 the temperature difference in experiments, but also the higher O2 contents of 1.6-5.5 bar 162 evaluated by Choi et al., [16] . As O2 content and temperature are increased, O2 is capable of 163 influencing the kinetics of the cathodic reaction at the steel surface (see Equation (2) These observations are in alignment with Choi et al. [16] who reported that the presence of SO2 202 alone promoted the formation of FeSO3 on X65 steel while the addition of O2 can form FeSO4.
203
The work is also in alignment with Dugstad et al. [10] who stated that the presence of SO2 still low at 0.01 mm/y and unlikely to result in substantial corrosion product precipitation.
224
However, the combined presence of SO2 and O2 resulted in corrosion rates rising to 0.65 225 mm/y, producing a thin, cracked corrosion product layer (Figure 9(b) ).
226
XRD and Raman analysis of the corrosion product observed in the SEM image shown in Figure   227 9(b) proved challenging and were unable to identify the nature of the corrosion product 228 present. However, cross-section EDX analysis of the films formed on X65 and 13Cr after 229 exposure to 100 ppm SO2 and 1000 ppm O2 after 6 h and 48 h (Figure 10) Figure 1 (and Table 2 ) was evaluated for localized attack using white-light interferometry. The assessment [30] . Multiple scans (at least 3) such as those shown in Figure 11 were performed 250 across the steel surface to ensure reliable data was obtained.
251
Considering Figure 12 , it is evident that X65 steel undergoes localized attack in all 252 environments. The attack manifests itself as a form of micro-pitting over 48 h (typical image 253 shown in Figure 11 ) and is particularly prominent in the presence of 1000 ppm O2 and 100 254 ppm SO2/1000 ppm O2, exceeding pitting rates of 2 mm/year. In contrast, 13Cr was only than the values recorded here due to depletion of impurities in a closed autoclave over time.
277
However, the localized attack for both materials remain high for the duration of the 278 experiment.
279
The evolution of corrosion products on the surface of X65 and 13Cr is provided in Figure 15 A. Oosterkamp and J. Ramsen, "State-of-the-art overview of CO 2 pipeline transport with 376 relevance to offshore pipelines", Polytech Report No: POL-O-2007 POL-O- -138-A, (2008 
